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Spatially Resolved Temperature Measurements
of Atmospheric-Pressure Normal
Glow Microplasmas in Air
David Staack, Bakhtier Farouk, Member, IEEE, Alexander F. Gutsol, and Alexander Fridman
Abstract—The rotational and vibrational temperatures of dc
normal glow air discharges were measured by comparing mod-
eled optical emission spectra of the N2 second positive system
with spectroscopic measurements from the discharges. By using
an imaging spectrometer and optical assembly, the temperature
measurements were spatially resolved to about 6 µm. Results
are presented for a 3.8-mA discharge at an electrode spacing of
400 µm. Rotational temperatures are highest in the near-cathode
region around 1500 K and decrease toward the anode to about
1100 K. Throughout the discharge, higher rotational temperatures
correspond with lower vibrational temperatures. The maximum
vibrational temperature measured is around 5000 K. Emission
from the N+2 first negative system was also measured and is
only intense in the negative glow (NG) region. The temperature
near the anode is sensitive to the anode material. Gold, stain-
less steel, and tungsten electrodes were studied. Oxidizing anode
materials can create a bright and hot anode spot several hundred
Kelvin warmer than for nonreacting anode materials. In addition,
comparisons between spatially resolved and previously studied
emission-averaged temperatures indicate that the emission-
averaged temperatures correspond to those of the NG regions.
Index Terms—Atmospheric, microplasma, nonthermal, normal
glow, optical spectroscopy, plasma measurements.
I. INTRODUCTION
A TMOSPHERIC pressure plasma discharges [1] are ofgrowing interest because of the possibility of lower fa-
cility and process costs for a variety of plasma processing and
micromanufacturing techniques currently performed in vacuum
conditions [2]. A requirement for many of these techniques is
the creation of a nonthermal plasma. Nonthermal plasmas (also
called nonequilibrium plasmas and cold plasmas) are char-
acterized by their electron (Te), vibrational (Tvib), rotational
(Trot), and translational (Ttrans) temperatures. In nonthermal
plasmas created by externally applied electric fields, typically
Te > Tvib > Trot = Ttrans. In plasma material processing, the
nonequilibrium nature allows for the creation of active species
to interact with the substrate without generating excessive
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heat, which could destroy the substrate. In plasma chemistry
applications, the nonequilibrium nature allows for the creation
of chemically active species by lowering activation potentials
without generating excessive heat, which leads to excessive
dissociation and other problems.
Atmospheric-pressure plasmas have recently been studied,
which lie between the corona and arc regimes [3]–[5]. Due
to “pd” (pressure × electrode spacing) and normal current
density scaling, these discharges are typically submillimeter in
size. These “microplasmas” [6] are nonequilibrium, but still
warm, with characteristic gas temperatures measured around
2000 K [3], [5], [7]. We have shown experimentally [5] and
Kushner [8] has shown through simulations that some of these
dc microplasmas are density-scaled versions of the normal glow
discharges that are observed in low pressure.
The main exception to the similarity between low-pressure
normal glows and atmospheric-pressure normal glows is that,
at atmospheric pressure, the gas temperature (Tgas = Trot =
Ttrans) can no longer be considered constant and to be near
room temperature. Based upon the mechanisms of the heat
balance, the temperatures in these discharges vary from about
600 K to above 2000 K over the discharge currents and dis-
charge sizes corresponding to the normal glow operating regime
[9]. The temperatures may also vary significantly within the
volume of the discharge, as is studied herein. These thermal
effects can significantly affect the physics of the discharge,
the nonequilibrium nature, and their applicability for use in
microfabrication and other processes [10].
Previously used optical emission spectroscopy techniques
using the second positive system of N2 [7], [9], [11] were
employed here for temperature measurements. Techniques used
in attaining spatially resolved temperatures are well known
from studies of low-pressure plasma systems and can be ap-
plied to microplasma systems [12]. An obstacle in studying
atmospheric-pressure microplasmas is the inherently small size
of the discharges. To facilitate future research in microplasmas,
the experimental scheme and procedures taken to attain the
spectra are presented in this paper. Detailed spatially resolved
spectra and temperature measurements are also reported for
comparison to computationally modeled temperature profiles
[13] and emission-averaged temperature measurements [9]. In
performing these studies, a significant anode material effect
on the temperature distribution was noted, which could not
be revealed from the earlier emission-averaged temperature
measurements.
0093-3813/$25.00 © 2007 IEEE
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Fig. 1. Electrical circuit for generating microplasma discharge.
II. EXPERIMENTAL SETUP AND PROCEDURE
The circuit and electrode configurations used to generate the
plasma discharges are similar to those used in our previous
studies [5], [9] and are shown in Fig. 1. A dc power supply
is connected in series to a ballast resistor and the anode of
the discharge. For these studies in the normal glow discharge
regime in air, the ballast resistor was 200 kΩ. The anode is a thin
wire suspended over the planar cathode. Tungsten, gold, and
stainless steel anode wire materials were used with diameters
of 1 mm. The spacing between the electrodes is controlled
by a micropositioner, and for the temperature measurement
experiments, it was set to 400± 5 µm. The cathode of the
discharge is a grounded gold wire that is approximately 1 mm
in diameter. The power supply voltage and discharge current
are measured using the voltmeter and ammeter internal to
the power supply. The plasma discharge voltage is derived
from the known resistance. A Pearsons model 2877 current
transformer probe was also connected inline to measure high-
frequency current oscillations and to ensure a dc operation of
the discharge.
To visualize the discharge during operation, a 640 × 480
resolution digital color charge-coupled device (CCD) video
camera was mounted on a microscope focused on the discharge.
The microscope–camera setup provided a variable magnifica-
tion allowing between a 2.0-mm × 1.5-mm and a 20.0-mm ×
15.0-mm field of view. The corresponding minimum pixel size
at maximum magnification was thus about 3 µm. Still images
from the CCD camera were captured digitally by a PC.
For spectroscopy, an Acton Research SpectraPro 500i scan-
ning imaging monochromator was used. This type of spectrom-
eter uses a CCD camera (Roper Scientific model 7430CCD
1024 pixel by 256 pixel by 16 bit) mounted onto the exit
to digitally acquire the light. The camera and mirrors within
the spectrometer are configured such that the horizontal axis
(1024 pixels) indicates wavelength due to the dispersive grat-
ing, but the vertical axis (256 pixels) maintains an image of
the entrance slit to the spectrometer. Spectra in the range of
370–380 nm were imaged at approximately 0.01-nm resolu-
tions. Background images with the discharge off were sub-
tracted, and a low-pressure mercury lamp was used to determine
the slit (apparatus) function and to calibrate the spectrometer.
External to the spectrometer, an image of the discharge was
created on the entrance slit of the spectrometer using a concave
UV mirror. The discharge and mirror are placed such that
an approximately ten times magnified image of the discharge
is created on the entrance slit to the spectrometer. Within
the spectrometer, the vertical axis maintains the image of the
discharge, while the horizontal axis is wavelength-dispersed
due to the grating. The image magnification of the discharge
was necessary to attain a high spatial resolution along the axis
of the microplasmas. Across the discharge, the attained spectra
are line-of-sight-averaged. The pixels on the CCD camera are
26 µm in size; depending on the magnification, we were able to
attain approximately 2 µm per pixel. The mirror and discharge
setup were mounted on micropositioning stages to be able to
accurately adjust and direct the light into the spectrometer.
The use of a mirror rather than a lens was an important
step in creating this experimental setup. The main disadvantage
with using lens is chromatic aberrations or changes in the
index of refraction of the lens material with the wavelength of
the transmitted light. When performing imaging spectroscopy,
these aberrations cause the discharge to be in focus and at a
certain magnification for one wavelength, and out of focus and
with a different magnification for other wavelengths. Over the
approximately 10-nm wavelength range around 375 nm used
in our spectroscopic studies, the focus shifts by approximately
200 µm [14] which is unacceptable for studying microplasmas,
which are only 200 µm in diameter. The solution used was a
concave mirror with a 50-mm focal length. This primary surface
of the mirror is reflective, ensuring no chromatic effects. The
only additional concern in using a mirror is that the light path
needs to pass near the object. In our case, the angle was< 5◦ to
ensure little spherical aberrations and was easily achieved due
to the small size of the discharge setup. The use of achromatic
lens and optical fibers was also unacceptable due, respectively,
to limited operation in the UV and poor spatial resolution.
The spectral images were taken in the following way. First,
the spectrometer grating was turned to 0◦ or 0 nm, in which
case the grating transmits the zeroth-order mode and is nondis-
persive. Thus, both the horizontal and vertical axes image the
entrance slit to the spectrometer. The spectrometer camera
was then adjusted such that it was focused onto and aligned
with the entrance slit. Alignment of the camera by hand with
the spectrometer slit could not be achieved to an accuracy
of better than 0.5◦, and additional improved alignment was
done by postprocessing of the image. The entrance slit was
then opened, and the discharge was imaged through the slit,
as shown in Fig. 2. The gray scale image intensity attained
is shown here in pseudocolor to better reveal features. The
position of the discharge and the mirror were adjusted to create
a properly magnified and focused image of the discharge. The
discharge was also shifted so that when the slit was narrowed
for spectroscopic imaging, it would image the centerline of
the discharge. In Fig. 2, we clearly see the positive column
(PC), negative glow (NG), and Faraday dark space (FDS) of the
normal glow discharge. The locations of the anode and cathode
denoted in Fig. 2 are determined by the decrease in the light
intensity near the anode and a measurement of the gap length
by moving the anode wire until it touches the cathode.
After focusing, the slit was closed to approximately 100 µm,
and the grating was tuned to 375 nm. Fig. 3 is the image
attained. The vertical axes in Figs. 2 and 3 are the same,
corresponding to the spatial distance from anode to cathode.
In Fig. 3, the horizontal axis is wavelength. The contrast in this
image has been increased to emphasize some of the dimmer
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Fig. 2. Pseudocolor intensity image of microplasma discharge through the
open spectrometer slit for 3.8-mA discharge with gold anode.
Fig. 3. Spectral image of microplasma along discharge axis and around
375 nm. Discharge conditions were 3.8-mA 400-µm discharge and with gold
anode.
features. That the vertical axis maintains focus can be seen
by the dark areas corresponding to the cathode and anode
edges along with the bright NG and PC. In the horizontal axis,
we see the alternating bright and dark bands corresponding
to the rotational and vibrational transition of the N2 second
positive transitions in this wavelength range. The alignment of
the camera was checked by tracking the maxima and minima in
the image [the NG, the FDS, and the near anode glow (AG)]
across the horizontal wavelength axis, as shown in Fig. 4.
The camera alignment cannot be perfect, but is aligned to
within approximately ±1 pixel (6 µm) across the 1024-pixel
wavelength range or about 0.1◦.
In total, there are about 200 spectra attained along the axis
of the discharge, each corresponding to a horizontal pixel row
in Fig. 3. As discussed earlier, the optics and camera cannot be
perfectly aligned or corrected for, and the actual resolution is
slightly worse than a single pixel. In our analysis, we created the
Fig. 4. Location from the cathode of the NG, FDS, and AG along the
wavelength axis is used to determine the angular alignment of the camera. Data
points at a given wavelength are indicated along with a best fit line.
Fig. 5. (a) Comparison of experimental spectra in the near cathode (NG),
FDS, and PC regions for the 3.8-mA 400-µm discharge with gold anode.
(b) Zoomed comparison of the spectra for the NG and PC zones.
spectra using a running average over three pixels. The spectra
were analyzed by fitting spectra modeled using SPECAIR [7],
[9], [11] to the experimentally attained spectra in a manner
identical to that present in our previous papers [9]. The relevant
fitting parameters were Tvib and Trot.
III. RESULTS AND DISCUSSION
A. Spectra Analysis
Measured spatially resolved temperatures are presented for a
3.8-mA discharge at an electrode spacing of 400 µm. The spec-
tra were attained using the methods described above. Fig. 5(a)
shows the normalized spectra attained at three different regions
in the discharge—at the brightest spot in the PC, at the brightest
spot in the NG, and at the dimmest spot in the FDS for a 3.8-mA
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Fig. 6. Experimental spectra and best fit modeled spectra (Trot =
1446 K, Tvib = 4124 K) in the NG region for the 3.8-mA 400-µm discharge
with gold anode.
400-µm discharge with gold anode. In the center of the spectra
at 375.5 nm, we see the brightest peak N2(C3Πu−B3Πg)
[1–3], where C–B refers to the electronic transition, and [1–3]
refers to the vibrational transition. To the left of the peak, we
see the tail of the transition, which corresponds to the higher en-
ergy rotational subtransitions. The second most intense peak at
371 nm is the N2(C3Πu−B3Πg) [2–4] transition. At the right
of the spectra, we see the tail of the N2(C3Πu−B3Πg) [0–2]
transition. The transitions that have different initial vibrational
energy are used to determine the vibrational temperature. With-
out a full analysis of these spectra, we can see some general
trends. The [2–4] peak is higher relative to the [1–3] peak in
the PC region that is relative to the NG region, as shown in
Fig. 5(b), and this corresponds to a higher vibrational tempera-
ture. In addition, since the tail of the [1–3] peak is higher in the
NG spectra, we have known that the near cathode region has
higher rotational temperature indicating that it is warmer than
the PC. The absolute measured intensities of the spectra are
given in the legend of the figure. In the dark region, the signal
level is much lower, and the rotational temperature is difficult to
determine due to the noise. That so little light is attained from
the FDS indicates that the discharge is properly focused.
Fig. 6 shows the experimental and modeled spectra for the
NG region. The modeled and experimental spectra are in very
close agreement indicating the high accuracy of the spectral
model. In addition, the discharge is nonthermal with Tvib >
Trot, but warm, with the gas temperature significantly greater
than the ambient temperature.
B. Axial Temperature Distribution
In total, several hundred spectra were analyzed using an
automated procedure to determine the temperature in Fig. 3.
Fig. 7 shows the measured best fit rotational and vibrational
temperatures as a function of the position from the cathode.
In general, the errors in the measured rotational temperature
are less than ±100 K, and for vibrational temperatures, it is
less than ±10%. Fig. 7(a) shows the maximum signal level
normalized by the background intensity [labeled signal-to-noise
ratio (SNR)]. When the SNR is less than two (indicated by
the grayed-out portions of the plot), the spectral signal is very
Fig. 7. (a) Intensity of the N2(C3Πu−B3Πg) [1–3] peak normalized by
the background intensity and indications of the NG, FDS, and PC regions.
(b) RMSE of the spectral model fitting. Corresponding plots of (c) vibrational
temperature and (d) rotational temperature along the discharge gap for the
3.8-mA 400-µm discharge with gold anode. Light-colored points correspond
to regions where the signal level was low.
weak, and the fit temperatures maybe incorrect. The signal level
is high in the NG, drops through the FDS, and increases again
through the PC. A decrease in light intensity at the electrodes
is also observed. Fig. 7(b) shows the root mean-square error
(rmse) of the modeled spectra to the normalized experimentally
measured spectra. The rmse is higher when the signal level is
low, as expected.
The discharge is hottest in the NG region with a maximum
temperature of 1450 K. Approaching the FDS, there is a de-
crease in temperature. Within the FDS, the fit temperatures
are questionable due to the low signal level, but nonetheless,
they show reasonable results and an increase in temperature
to that of the PC. The temperature in the PC is about 1300 K
and decreases toward the anode where the temperature is about
1100 K. The peaks and valleys in the rotational temperature
are consistent with heating of the gas by energetic electrons
and cooling to the electrodes. The temperature peak in the NG
corresponds with the high electric field due to the presence
of the cathode sheath and expected high plasma density. In
the FDS, the electric field is low, and the electrons are less
energetic, leading to a decrease in gas temperature to about
800 K. The apparent temperature gradient approaching the FDS
is quite high, approximately 8500 K/mm. In the PC, the electric
field should be approximately constant and higher than in the
1452 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 35, NO. 5, OCTOBER 2007
FDS, although less than in the cathode region, the temperatures
are similar in a midrange and slowly varying. Approaching the
electrodes on either side, there is a decrease in temperature. The
measured temperatures from very near the electrode surfaces
(∼10 µm) may not be accurate due to difficulties in accurately
imaging the electrodes. The actual bulk temperatures of the
electrodes have been measured using thermocouples and are
less than 400 K. The vibrational temperature measurements
show that the entire discharge is nonthermal. There is also a
general correspondence between higher vibrational tempera-
tures and lower rotational temperatures similar to that seen in
our previous experiments with changes in discharge current [9].
This is probably due to the increased V − T relaxation rates at
higher gas temperatures [15].
The measured rotational temperature profile [Fig. 7(d)] is
similar in shape to those obtained using computational mod-
eling for argon [13], although the temperatures here are much
higher as might be expected for an air discharge. The maxi-
mum rotational temperature occurs in the cathode region and
decreases toward the electrodes. In the modeling [13], there
was also a steep decrease in temperature between the NG and
FDS. One qualitative difference is that, in the modeling, there
was no temperature minimum near the FDS, as shown in the
experimental results. The precise reason for this is unclear,
although it may be due to insufficient modeling of nonlocal
electron effects. The energy distribution of the electrons enter-
ing the FDS from the NG may have a depleted high-energy tail
due to the excessive ionization in the NG. In addition, in [13],
isothermal (room temperature) boundary conditions were used.
This is idealized since there is probably a temperature gradient
within the electrode material. Experimentally, the electrodes are
cooled only by conduction through the lead wires and natural
convection.
A comparison between the spatially resolved temperatures
presented here and the emission-averaged temperatures pre-
sented in our other works [5], [9], [13] suggests that the
emission-averaged temperature corresponds with that of the
NG region. In [9], for a 3.8-mA discharge at 400-µm spac-
ing, we measured a temperature of 1435 K. This corresponds
most closely to the NG region and not the spatially averaged
temperature. This is because, in the emission-averaged spectra,
the light gathered is the total emission over the entire volume
of the emitted light and not an average over the anode-to-
cathode distance. The NG region is significantly brighter and
larger in diameter than the PC region of the discharge. The light
emitted from the NG region thus overwhelms all other sources
of light, and the spectral shape would correspond to that of the
NG. The emission-averaged temperatures measured are, thus,
not the spatially averaged temperature, but more closely the
temperature of the NG.
C. Emission From Nitrogen Ions
Spatially resolved spectra were also attained for the dis-
charge at wavelengths in the range of 350–359 nm, as shown
in Fig. 8. In this range, the observed spectra are due both to
nitrogen molecules N2 and nitrogen molecular ions N+2 , as
labeled in Fig. 8. By modeling the N2 spectra around 354 nm,
Fig. 8. Spectral image of microplasma along the discharge axis and around
354 nm. Arrows indicate the band head location of transition for N2 second
positive system and N+2 first negative system. Discharge conditions were
3.8-mA 400-µm discharge and with gold anode.
Fig. 9. Intensities of the N+2 (B2Σu−X2Σg) [1–0] peak and the
N2(C3Πu−B3Πg) [0–1] peak along the discharge axis.
Fig. 10. Plot of rotational temperature along the discharge gap for the 3.8-mA
400-µm discharge with stainless steel anode.
the measured Trot and Tvib were within the prescribed error
bars for the temperatures measured around 375 nm, as shown
in Fig. 7. Fig. 9 shows a plot of the N2 peak and N+2 peak
normalized by the background signal and with the background
subtracted (SNR− 1). Significant emissions from the ions are
only present in the NG region of the plasma. The intensity
of the emission from the ions cannot be used to measure the
ion density as the relative intensity is a coupled function of
the electronic excitation temperature Telex and the ionization
fraction [9]. The decrease in emission from the ions in the PC
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Fig. 11. Image intensity of microplasma discharges taken through the spectrometer slit for (a) tungsten anode, (b) gold anode and (c) stainless steel anode.
Images were taken for the same exposure time, and intensity of the light collected is present on the same scale for all pictures. Discharge current was 3.8 mA in
all cases, and the electrode spacings were approximately 550 µm.
can be due to either a decrease in ion density or an increase in
the electron temperature.
D. Anode Material Effect
A significant anode material effect was noted in performing
these experiments. Mainly depending on the anode material,
an increase in the near anode temperature could be observed.
Fig. 10 is a plot of the rotational temperature profile between the
anode (stainless steel) and the cathode. The cathode material,
discharge current, and electrode spacing are the same as in
Fig. 7(d). In general, the temperature profiles are quite similar
with the maximum temperatures near the cathode of about
1450 K, a decrease toward the FDS and an increase in tem-
perature into the PC. In both cases, the PC has a temperature of
about 1300 K. In the case of the stainless steel anode, however,
there is an approximately 200-K increase in the gas temperature
near the anode that was not observed in the case of a gold
anode. This material effect was not observed in the emission-
averaged temperatures because, in both cases, the near cathode
temperature is the same.
The increase in temperature for the stainless steel anode
corresponds with the appearance of a bright anode spot ob-
servable in images of the discharge. Fig. 11 shows images of
the discharges for tungsten, gold, and stainless steel anodes
taken through the spectrometer slit similar to that shown in
Fig. 2. These images were taken with the CCD camera that
was attached to the spectrometer, and we can see absolute
intensity images (although they are uncalibrated). In order to
compare the images, the discharge conditions and exposure
time were kept constant. The image intensities are all shown
with the same color scale as indicated by the labeled color bar.
The tungsten anode creates a bright anode spot [Fig. 11(a)], the
stainless steel anode creates a dimmer spot [Fig. 11(c)], and
a gold anode creates the dimmest anode region [Fig. 11(b)].
Close inspection of the images reveals that the bright spot
corresponds with a reduction in the radius of the PC in the
region of the anode. A narrowing of the discharge would
correspond with an increase in current density, electron density,
and local gas heating. Thus, a narrowing would result in the
observed increase in temperature near the anode. The narrowing
appears to be an effect of the anode material. We believe that
the effect occurs due to the formation of thin dielectric oxide
layers on the anode. Tungsten, which readily forms an oxide
scale layer in air plasmas and at elevated temperatures [16], has
the brightest anode spot. Temperature measurement could not
be attained for the Tungsten anode because of the presence of
emission from metallic ions (likely tungsten) in the attained
spectra. These ions are likely due to the high temperatures
and evaporation of tungsten at the anode and possibly due
to the volatile oxidation of tungsten. Gold is the most stable
element known to man, and although oxides can form in
oxygen plasmas, they form very slowly in the best of conditions
(∼0.1 nm/min), and they are unstable in air and at elevated
temperatures [17]. The gold electrode is not likely to form a
dielectric layer and has the largest and coolest anode spot. The
oxidation of the stainless steel at elevated temperature (known
as scaling or heat tinting) is moderately fast (∼300 nm/min)
[18], and the stainless steel has a moderately bright and hot
anode spot.
The dielectric coating limits the effective size of the anode
electrode and causes the discharge to be focused on a spot. The
final spot size would be determined by the balance of oxide
growth and ablation rates. Easier to oxidize materials will thus
have smaller/hotter anode spots. Such a discharge contraction
would electrically have to be accompanied by an increase in the
anode sheath voltage which causes the plasma to constrict [19],
[20]. The change required is only several volts (based upon a
1-eV electron temperature) and could be easily attributed to
errors in the discharge length of less than 5 µm (E ∼ 3 kV/cm)
and, thus, could not be accurately measured. The changes in
the anode region, although significant in temperature, may
thus have little effect on the voltage–current characteristics
and general operation of the discharge. The discharge also still
operates in the normal glow mode since the cathode current
density is unaffected by the change in anode material.
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IV. CONCLUSION
Optical emission spectroscopy was used to characterize a
normal glow dc microplasma in air. Measurements with high
spatial resolution were obtained by using an imaging spectrom-
eter and UV compatible mirrors rather than lenses as optics.N2
second positive system rotational and vibrational spectroscopy
was used to determine the gas temperature and vibrational
temperature of the discharge. The measured gas temperature
was between 800 and 1450 K peaking near the cathode. The vi-
brational temperature confirms the nonthermal nature of the dis-
charge. Comparisons between spatially resolved and previously
studied emission-averaged temperatures indicate that emission-
averaged temperatures correspond to that of the NG region. The
temperature near the anode is sensitive to the anode material
and increases corresponding to a contraction of the discharge.
The discharge contraction may be due to anode oxidation. The
measured material effects and temperature distributions should
contribute to the understanding and application of atmospheric-
pressure microplasmas.
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